To assess whether liver transplantation (LTx) can correct the metabolic alterations of chronic liver disease, 14 patients (LTx-5) were studied 5 Ϯ 1 mo after LTx, 9 patients (LTx-13) 13 Ϯ 1 mo after LTx, and 10 patients (LTx-26) 26 Ϯ 2 months after LTx. Subjects with chronic uveitis (CU) and healthy volunteers (CON) were also studied. Basal plasma leucine and branched-chain amino acids were reduced in LTx 
Introduction
End-stage liver cirrhosis is characterized by protein catabolism (1, 2) , reduced plasma levels of branched-chain amino acids (BCAA), 1 increased concentrations of aromatic amino acids (3, 4) , and marked insulin resistance with respect to glucose and free fatty acid (FFA) metabolism (5, 6) . Orthotopic liver transplantation has already been shown to be a life-saving procedure capable of correcting the major derangements of end stage liver disease (7, 8) , restoring a good quality of life in the recipients (9) . The metabolic effect of the graft, however, as well as the time required for the new liver to correct abnormalities of glucose, amino acid, and lipid metabolism of cirrhosis, are still not known. Transplanted liver with stable function differs from normal liver at least in two characteristics: ( a ) it is exposed to chronic immunosuppression, and ( b ) it is denervated. To assess the effect of immunosuppression and graft denervation on basal and insulin-mediated protein metabolism, leucine turnover was studied ( a ) in stable patients 5, 13, and 26 mo after liver grafting, ( b ) in a group of patients with chronic uveitis (on the same immunosuppressive treatment but with a normal liver), and ( c ) in healthy volunteers. We further assessed recipient's glucose and palmitate turnovers in the post-absorptive and insulin-stimulated states 26 mo after liver grafting. Our results show that insulin action progressively improves after the graft up to 2.5 yr. At that transplant age only some amino acid and lipid metabolism alterations persist. In contrast, insulin-mediated glucose metabolism abnormalities are completely reverted after two and one-half years.
Methods

Subjects
22 patients with orthotopic liver transplantation (LTx) were studied at different stages after transplantation. In detail, 14 patients were studied 5 Ϯ 1 mo after transplantation (LTx-5), 9 patients 13 Ϯ 1 mo after transplantation (LTx-13), and 10 patients 26 Ϯ 2 mo after the graft (LTx-26). In addition, 13 patients affected by chronic uveitis (CU) who were receiving a similar immunosuppressive therapy, and 15 normal healthy volunteers (CON) were studied. The clinical and laboratory data of the five groups of subjects are shown in Table I . All patients were transplanted for a Child B-C histologically confirmed liver cirrhosis associated with a small ( Ͻ 5 cm single lesion, or Ͻ 3 cm diameter multiple lesion) hepatocellular carcinoma (10) . None of the patients had metastatic disease at the time of transplantation or at the time this study was performed. On all occasions the patients' liver function was normal (with the exception of a slight increase of ALT and AST as shown in Table I ). LTx-5 and LTx-13 were administered cyclosporin A and low-dose prednisone, while LTx-26 were only administered cyclosporin A. The Karnofsky score at the time of the study was at least 90 in each subject. No patient had evidence of ascites or fluid retention. No patient was receiving diuretics or ␤ -blockers during the 3 mo preceding the study. During the 2 wk preceding the study all the subjects consumed an isocaloric diet containing at least 250 g of carbohydrates and 70-90 g of proteins per day. All the subjects were fully informed of the possible risks of the study, and all gave their consent. The experimental protocol was approved by the Institutional Ethical Committee.
Experimental protocol basal state
At 06:00 a.m. after an overnight fast, a polyethylene catheter (18 G; Terumo Europe N.V., Leuven, Belgium) was inserted into an antecubital vein for infusion of all test substances. A second catheter was inserted retrogradely in a wrist vein and advanced to the dorsum of the hand for blood sampling. The hand was placed into a heated box (70 Њ C) to ensure arterialization of the venous blood (11) .
leucine turnover
LTx patients were studied at 5 (14 patients), 13 (9 patients), and 26 (4 patients) mo after transplantation; seven CU and eight CON served as controls. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]leucine (aqueous solution containing 2% ethanol; Amersham International, Little Chalfont, Buckinghamshire, UK) was administered (16 Ci as a bolus injection followed by 0.20 Ci/ min as a continuous infusion) in combination with a bolus injection of 2.3 Ci of NaH 14 CO 3 (sodium salt; Amersham Int.) to prime the body bicarbonate pool (12) . After 2 h of isotope equilibration, samples were drawn at 10-min intervals from 120 to 180 min to determine basal leucine and ␣ -ketoisocaproic acid ( ␣ -KIC) specific activities as well as hormone and substrate concentrations. Expired air samples were collected at 15-min intervals and bubbled through a CO 2 trapping solution (hyamine hydroxide/absolute ethanol/0.1% phenolphthalein, 3:5:1). The solution was titrated to trap 1 mmol CO 2 per 3 ml of solution. The 14 C radioactivity was subsequently determined with a ␤ Scintillation Counter, (Packard Instruments, Inc., Downers Grove, IL) and the expired 14 CO 2 specific activity was calculated. Total 14 CO 2 expired per minute was determined by multiplying the 14 CO 2 specific activity by the total CO 2 production, as previously described (12, 13) .
palmitate and glucose turnover
Eight LTx-26, seven CU, and eight CON were studied with the infusions of [3- 3 H]glucose and [1-
14
C]-palmitate to evaluate glucose and FFA metabolic rates. Oxygen consumption and carbon dioxide production measurements were obtained by means of indirect calorimetry. A bolus (25 Ci) followed by a constant infusion (0.25 Ci/min) of H]glucose (aqueous solution) was started 150 min before the beginning of the clamp, and continued throughout the study. A priming dose (2.5 Ci) followed by a continuous infusion (0.1 Ci/min) of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]palmitate (prepared in 25% human albumin, Amersham Int.) was started 150 min before insulin infusion, and continued for the duration of the study. At the beginning of the equilibration period, a bolus of 3.5 Ci of NaH 14 CO 3 was injected to prime the bicarbonate pool. Expired air samples were collected and handled as described for the leucine turnover.
insulin clamp
Leucine turnover. After the equilibration period, a prime-continuous infusion of crystalline human insulin (Actrapid HM; Novo Nordisk, Copenhagen, Denmark) was administered at the rate of 40 mU/m 2 per min to achieve and maintain an increment in plasma insulin concentration of ‫ف‬ 80 U/ml (480 pM) (14) .
Palmitate and glucose turnover. After the equilibration period, a prime-continuous infusion of human crystalline insulin (Actrapid HM) was given at the rate of 8 mU/m 2 per min to raise acutely and maintain plasma insulin concentration at the level of approximately 30 U/ml (180 pM) for 100 min. After 100 min, a primed-continuous insulin infusion was given at the rate of 40 mU/m 2 per min to achieve a plasma insulin concentration of ‫ف‬ 80 U/ml (480 pM).
In all studies, continuous indirect calorimetry (model Horizon [leucine turnover studies], and model 2800 Z [glucose-palmitate turnover studies] [Sensor Medics, Palo Alto, CA]) was performed as previously reported (13, 14) . Body composition was assessed on the evening before the study with a Body Impedance Analyzer (Akern, BIA 109; RJL Systems, Detroit, MI) as previously described (14, 15) .
Analytical determinations
Leucine turnover. Plasma leucine concentration and specific activity were determined using an HPLC System (System Gold; Beckman Instruments Inc., Fullerton, CA) constituted by a Programmable Solvent Module, model 126AA, and a Programmable Detector Module, model 168, as previously described (14) . The recovery of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] leucine added to plasma was 96 Ϯ 4%. The interassay and intraassay variations for the determination of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]leucine specific activity were 4 Ϯ 1% and 4 Ϯ 2%, respectively. More than 97% of the radioactivity collected in the amino acid fraction was in the leucine peak after separation by ion-exchange chromatography (13) . Plasma ␣ -KIC specific activity was measured as previously described (13, 14) .
Palmitate and glucose turnover. Plasma glucose was determined by the glucose oxidase method on a Beckman Glucose Analyzer (Beckman Instruments, Inc., Fullerton, CA). Methods for the determination of [ Free insulin, glucagon, growth hormone and cortisol were analyzed by means of specific radio-immunoassays as previously described (19) . Blood metabolites were measured by automated assay as previously described (19) .
Calculations
Leucine turnover. All calculations were performed in the last hour of the tracer equilibration and the last hour of the insulin clamp period, when steady-state conditions for leucine and ␣-ketoisocaproic acid specific activities and concentrations existed. Data were analyzed using a stochastic model as previously described (13, 14) . Priming bicarbonate pool allowed near steady states of 14 CO 2 during the last hour of each equilibration period (20) . To calculate the rates of leucine turnover and oxidation, we used the leucine specific activity. The plasma specific activity of the transaminated leucine product, the ␣-KIC, was suggested to provide a better indicator of the specific activity in the intracellular mixing pool (12, 14, 21) . Therefore, estimates of leucine kinetics were also carried out using the plasma ␣-KIC specific activity.
FFA turnover. The FFA turnover rate (mol/m 2 per min) was calculated as the ratio between labeled palmitate infusion rate and plasma FFA specific activity at the steady state (last 40 min of the basal period and last 40 min of each clamp period). FFA oxidation rate was calculated from FFA disposal, which is an index of FFA reesterification, was calculated as the difference between turnover and oxidation rates. The metabolic clearance rate (MCR, ml/m 2 per min) of plasma FFA was calculated as the ratio between FFA turnover and plasma FFA concentration during the same study period.
Glucose turnover. Rates of glucose appearance and disposal were calculated from [ 3 H]glucose data in the last 40 min of the basal period and during the last 40 min of the two-step clamp studies. During insulin infusion, a non-steady state exists, and therefore calculations were performed according to Steele's equations (22) . Total body glucose metabolism and nonoxidative glucose metabolism were calculated as described (19) . Net glucose oxidation was derived from indirect calorimetry measurements (23) .
Statistical analysis. All values are expressed as meansϮSEM. Comparisons between the basal and the insulin-stimulated states within a group were performed with the t test for paired data. Comparisons among the groups were performed with the ANOVA followed by the Student's t test, when appropriate.
Results
Plasma hormone concentrations
Basal state. Basal plasma free-insulin (F-IRI) was higher in LTx-5, LTx-13, LTx-26, and CU with respect to CON (Table I , P ϭ 0.05). Basal plasma glucagon was slightly higher in LTx-5, LTx-13, LTx-26, and CU when compared with CON (Table I , P ϭ 0.09). Plasma growth hormone was also higher in the basal state in LTx-5 and LTx-13 (P Ͻ 0.05), but not in LTx-26 with respect to CU and CON (Table I) . Basal plasma cortisol concentration was lower in LTx-5 with respect to all other groups (Table I) .
Leucine turnover-one step clamp. During the euglycemic clamp, plasma F-IRI increased significantly and similarly in all groups (537.0Ϯ59.4, 538.8Ϯ76.8, 491.4Ϯ39.6, 513.0Ϯ60.0, and 477.0Ϯ21.0 pM in LTx-5, LTx-13, LTx-26, CU, and CON, respectively). During the last h of the insulin clamp, plasma glucagon concentrations in LTx-5, LTx-13, and LTx-26 were higher with respect to CU and CON (P Ͻ 0.05).
Glucose and palmitate turnover-two step clamp (Table II) . During the low and high dose insulin clamps (8 and 40 mU/m 2 per min), the insulin concentrations achieved were similar in the three groups (Table II) . Plasma glucose was kept constant at the basal value in all groups with a coefficient of variation Ͻ 5% (Table II) .
Plasma amino acids, leucine and ␣-ketoisocaproic acid concentrations, and specific activities in the basal state and during insulin infusion in the five study groups (Tables III  and IV) In the basal state, plasma leucine, isoleucine, valine, and total branched chain amino acids were reduced in LTx-5, LTx-13, and LTx-26 vs. CU and CON (Table III) . Nevertheless, LTx-13 showed higher basal leucine concentration with respect to LTx-5 and LTx-26 (P Ͻ 0.05). Plasma phenylalanine was not significantly different among groups along with basal ␣-ketoisocaproic acid concentration (Table III) . In the basal state, the plasma leucine specific activity was higher in LTx-5 and LTx-13 (but not in LTx-26) with respect to CU and CON (Table IV). On the contrary, plasma ␣-KIC specific activity was similar in all groups (Table IV) .
During euglycemic hyperinsulinemia, the decrement of plasma leucine was impaired in LTx-5 (35Ϯ3 M) and LTx-26 (38Ϯ8 M) vs. CU and CON (60Ϯ5 and 67Ϯ4 M; P Ͻ 0.01), but not in LTx-13 (51Ϯ3 M; P Ͻ 0.001 vs. LTx-5 and LTx-26 and P ϭ 0.3 vs. CU and CON). A similar trend was observed for isoleucine, valine, and, consequently, BCAA (Table III) . No difference was observed for all other measured amino acids or for ␣-KIC among the five groups, with the exception of plasma alanine, which was higher in CU versus all the other groups (P Ͻ 0.05; Table III ). The leucine specific activity increased in all study groups. Plasma ␣-ketoisocaproic acid specific activity increased significantly less in LTx-5 with respect to LTx-13, LTx-26, CU, and CON (P Ͻ 0.04; Table IV) .
Endogenous leucine flux (ELF) (Table IV)
Basal ELF was lower in LTx-5 with respect to CU and CON (P Ͻ 0.005), and slightly, but not significantly, lower in LTx-13 (P ϭ 0.2 vs. CU and CON). In LTx-26, ELF was no longer different (P ϭ 0.54) from controls, although it was significantly higher than in LTx-5 (P Ͻ 0.001). During euglycemic hyperinsulinemia, the insulin-dependent suppression of ELF was defective in LTx-5 (P Ͻ 0.001) and LTx-13 (P Ͻ 0.05), but not in LTx-26 (P ϭ 0.33) with respect to CU and CON (⌬-decrement was 8.7Ϯ0.9, 11.6Ϯ2.3 and 21.5Ϯ1.1 vs. 19.5Ϯ1.9, and 17.8Ϯ2.4 mol/m 2 per min, respectively).
Leucine oxidation (LO) (Table IV)
Basal LO was significantly reduced in LTx-5, LTx-13, and LTx-26 with respect to CU and CON (P Ͻ 0.05). During acute insulin infusion, LO did not show significant difference from CON in patients with a liver transplant, even if a trend for defective suppression was shown, as in LTx-5 and LTx-13 (P ϭ 0.06 vs. CU and P ϭ 0.09 vs CON). Table IV (Table IV) The ␣-ketoisocaproic acid specific activity has been proposed as a better indicator of intracellular leucine specific activity than plasma leucine specific activity (16, see 29) . We have therefore calculated the ELF, the LO and the NOLD using the ␣-KIC specific activity as well. The fluxes calculated with the leucine specific activity versus the ␣-KIC specific activity, although they differ in terms of absolute values, do not show any qualitative difference when comparing the basal with the insulin-stimulated state in LTx-26, CU and CON. The same point, however, cannot be made for LTx-5 and LTx-13.
Non-oxidative leucine disposal (NOLD) (
Endogenous leucine flux, leucine oxidation, and non-oxidative leucine disposal calculated by utilizing the ␣-ketoisocaproic acid specific activity
FFA metabolism (Tables II and V)
In the basal state the plasma free fatty acids concentration was reduced in LTx-26 with respect to CON. During euglycemic hyperinsulinemia, the free fatty acid concentration was lower in CU both at the low-and high-insulin doses, while for LTx FFA was lower only at the high insulin dose, with respect to CON. The basal FFA turnover rate was lower in LTx (P Ͻ 0.01) and CU (P Ͻ 0.02) with respect to CON. During the insulin infusions, the FFA turnover rate was more inhibited in LTx and CU with respect to CON, both during low-(48, 69, and 41%) and high-dose (66, 76, and 45%, in LTx-26, CU, and CON, respectively) insulin infusion.
The basal FFA oxidation rate was lower in LTx when compared with CON (P Ͻ 0.01). During low-(LTx, P Ͻ 0.05; CU, P Ͻ 0.01) and high-dose (LTx, P Ͻ 0.05; CU, P Ͻ 0.01) insulin infusion, the FFA oxidation rate was lower in LTx and CU with respect to CON. The insulin-induced decrement in FFA oxidation in LTx (68%) was reduced vs. CU (80%, P Ͻ 0.05), but did not show any statistical difference with respect to CON (62%, P ϭ NS).
The basal rate of non-oxidative FFA disposal was not significantly different among the three study groups. The insulinmediated decrease in non-oxidative FFA disposal rate was more pronounced in LTx and CU with respect to CON both during low-(LTx, P ϭ NS; CU, P Ͻ 0.01) and high-dose (LTx, P Ͻ 0.05; CU, P Ͻ 0.01) insulin infusions.
The metabolic clearance rate of FFA (MCR FFA ) was reduced in the basal state in patients affected by chronic uveitis (P Ͻ 0.05 with respect to CON). During low-dose insulin infusions (LTx, P Ͻ 0.01; CU, P Ͻ 0.001) the increase of MCR FFA was defective both in LTx and CU with respect to CON. Dur-
Table IV. Plasma Leucine and ␣-Ketoisocaproate (␣-KIC) Specific Activity, Endogenous Leucine Flux (ELF), Leucine Oxidation (LO), and Non-oxidative Leucine Disposal (NOLD) Calculated Using the Primary or Reciprocal Pool Model During the Basal Period and the Insulin Clamp
LTx-5 (n ϭ 14)
LTx-13 (n ϭ 9) LTx-26 (n ϭ 4) CU (n ϭ 6) CON (n ϭ 7) ing high-dose insulin infusion, the insulin-stimulated MCR FFA , was defective in CU with respect to CON. The rate of total net lipid oxidation was similar both in the basal state and during low-dose insulin infusion in all groups. During high-dose insulin infusion, however, lipid oxidation (60Ϯ17, 155Ϯ24 and 47Ϯ16 mol/m 2 per min in LTx, CU, and CON, respectively) was less inhibited by insulin in CU (P Ͻ 0.02 with respect to CON and P Ͻ 0.005 with respect to LTx).
Glucose metabolism (Table II) and body composition Both in the basal state and during the insulin clamp, plasma glucose concentrations were similar in all groups (Table II) . The basal rate of hepatic glucose production (HGP) was not different in LTx-26 with respect to CON. During the low-dose insulin clamp, inhibition of HGP was lower in CU with respect to controls (without reaching statistical significance). During the high-dose insulin infusion, the inhibition of HGP was similar and normal in all three groups.
The rate of total glucose disposal was 184.6Ϯ16. The basal non-oxidative glucose disposal (NOGD) rate was similar in LTx-26, CU and CON. During low-dose insulin infusion NOGD increased similarly in all three groups. During the high-dose insulin clamp the increase of NOGD was similar in LTx-26 and CON and slightly lower in CU (Table II) . The glucose oxidation rate was not statistically different among the groups in the basal state and during low-and high-rate of insulin clamp (Table II) .
The percent of fat-free mass of total body weight was similar in LTx-5 (78.3Ϯ1.9%), LTx-13 (82.8Ϯ1.5%), LTx-26 (76.4Ϯ5.1%), CU (82.7Ϯ5.5%), and CON (77.0Ϯ2.7%).
Discussion
In this work we have shown that patients with liver transplantation have a progressive metabolic improvement up to 26 mo after surgery. 5 mo after transplantation, our patients were characterized by (a) a reduction of basal plasma leucine concentration, endogenous leucine flux and leucine oxidation rates; (b) a defective insulin-stimulated suppression of leucine fluxes with respect to the control groups and (c) insulin resistance with respect to glucose metabolism. 26 mo after grafting, some parameters were normalized (insulin action on glucose metabolism, endogenous leucine flux), but others (fasting leucine concentration, leucine oxidation, FFA oxidation and insulin-mediated FFA turnover) were still defective (Tables IV  and V) .
To our knowledge, this is the first study where leucine kinetics was measured in patients with liver transplantation in stable clinical conditions. Shanbhogue et al. studied amino acid kinetics before and after liver transplantation (2-3 d after surgery) and found no effect of liver transplantation on leucine flux and leucine clearance (24) . Several studies investigated the amino acid kinetics in liver cirrhosis (the pretransplant condition), showing conflicting results (25) : all found a normal basal rate of leucine flux (24, (26) (27) (28) , with the exception of Tessari et al (29) . In the present study, liver-transplanted patients had reduced basal leucine and BCAA, but normal phenylalanine and ␣-ketoisocaproic acid concentrations 5 mo after the transplant. Since several amino acid transport systems are under neural control, the discrepancy between plasma leucine and ␣-KIC concentrations may be caused by the modified neuro-humoral environment to which transplanted livers are exposed (30) . Furthermore, some (31) but not all (32) authors have shown an increase of hepatic blood flow causing higher substrate delivery to the liver. It is possible that in the basal state, the leucine appearance from proteolysis calculated with the KIC specific activity (reciprocal pool model) was normal in liver recipients at 5 and 13 mo after the transplant. At the same transplant ages, however, the leucine Ra calculated with the leucine specific activity (primary pool model) was markedly impaired in the liver recipients. This difference is due to the discrepancy in the ratio between KIC and leucine SA. In fact, in LTx-5 (0.47Ϯ0.03 and 0.38Ϯ0.03), LTx-13 (0.50Ϯ0.04 and 0.50Ϯ0.04) and in LTx-26 (0.57Ϯ0.05 and 0.50Ϯ0.09) the ␣-KIC/ leucine ratio was lower than in CU (0.67Ϯ0.02 and 0.64Ϯ0.03) and CON (0.63Ϯ0.03 and 0.62Ϯ0.03) both in the basal and insulin-stimulated states, respectively. The ␣-KIC/leucine specific activity ratio was shown by us to be rather constant, ranging from 0.62 to 0.72 in normal subjects (33) , IDDM (13), NIDDM (34) , uremic patients (35), diabetic-uremic patients (14) and in patients with both kidney and pancreas transplantation (14) . Our observations are consistent with numerous other data obtained using both radioactive (29, (36) (37) (38) and stable isotopes (27, (39) (40) . The increased across-membrane gradient of the leucine specific activities in liver recipients may reflect decreased leucine transport in the blood and a normal intracellular flux of leucine from proteolysis to protein synthesis. This view is supported by the decreased concentration of circulating leucine in liver recipients. A defective neuro-modulation of either the leucine/␣-KIC transport or interconversion systems and/or an enhanced arterial blood flow and substrate delivery (31) may also explain the abnormal leucine/␣-KIC metabolism in liver transplanted patients.
McCullough found reduced KIC/leucine specific activity ratio in liver cirrhosis (40) and gave two possible explanations for this difference: (a) an altered intracellular metabolism in the hepatocyte of patients with a cirrhotic liver, and (b) a defective leucine→␣-KIC interconversion at the muscle site in cirrhotics (25) . As shown in Table I , all the parameters measuring liver function of transplanted patients were normal or in the near-normal range. Note that plasma albumin increased markedly from the pre-transplant condition. We have also observed that muscle protein metabolism (assessed with phenylalanine turnover associated with forearm preparation) is normal in patients with denervated liver. Therefore, neither of the two described mechanisms can explain the difference of the ␣-KIC/leucine specific activity ratio. In contrast, we believe that a similarity exists between the transplanted liver and the cirrhotic liver as denervation is concerned, namely that both are functionally denervated (41) (42) (43) .
Prednisone and cyclosporin A have been shown to affect protein metabolism both in vivo (44) (45) (46) and in vitro (47) (48) (49) . In the present study, the prednisone dose varied greatly between the patients from 0-20 mg/d. Therefore, we subdivided the liver-transplanted subjects according to prednisone dosage. Reduced prednisone dose had a beneficial effect on leucine metabolism, particularly when comparing LTx taking 20 mg/d with LTx taking no prednisone, or CU taking 10 mg/day with CON (Table VI) . On the other hand, leucine metabolism alterations were seen already in LTx taking 10 mg/d of pred-nisone (matching the CU dose), suggesting that this drug is not mainly responsible for the above discussed abnormalities in LTx. Moreover, LTx taking no prednisone did not restore normal basal leucine concentrations (P ϭ 0.0008 with respect to controls) or leucine oxidation flux. Supporting again the main role played by liver denervation is the point that the ␣-KIC/ leucine specific activity ratio was reduced independently by the prednisone dose, but was also altered in LTx taking no prednisone. This finding supports the role of liver innervation in modulating a number of intrahepatic metabolic reactions (49) (50) (51) (52) (53) . The liver plays a key role in the leucine/␣-KIC interconversion as well as in the decarboxylation of ␣-KIC to isovaleryl-CoA (54, 55, 56) and all these reactions may be under autonomic regulation both at the liver and at the muscle site.
In the postabsorptive state, patients affected by chronic uveitis (receiving cyclosporin A and prednisone) have FFA concentrations in the normal range, but low levels of cholesterol and HDL-cholesterol. Liver-transplanted patients 26 mo after the graft (only on cyclosporin treatment) have the same plasma lipid profile as patients with chronic uveitis, but low FFA levels. The discrepancy in FFA concentration between the two groups may be due to denervation or prednisone treatment (Tables II and V) .
During the low-dose euglycemic hyperinsulinemic clamp, at an insulin level of about 30 U/ml (180 pM), the percent suppression of plasma FFA was higher in patients with chronic uveitis (treated with cyclosporin and prednisone) with respect to LTx-26 and CON. At a higher insulin dose (40 mU/m 2 per min, with plasma levels of approximately 80 U/ml), the two groups of immunosuppressed patients showed an higher inhibition of FFA levels with respect to CON (Tables II and V) . These findings may be explained by a disturbed feedback mechanism between hormone-sensitive lipase, insulin, and liver in our patients on immunosuppression.
During insulin infusion, the plasma FFA oxidation rate decreased in all the studies performed according to the fall of plasma FFA concentration (Table II) . Both immunosuppressed groups showed a higher decrement of FFA oxidation during insulin infusion with respect to CON (Tables II and V) , indicating that cyclosporin (alone or in combination with prednisone) may enhance FFA oxidation. Pooling the data of the three study groups, there is a positive correlation (r ϭ 0.96) between plasma FFA levels and plasma FFA oxidation rate. This finding agrees with our previous work (57) suggesting that plasma FFA oxidation is predominantly regulated by plasma FFA concentration itself. A different issue concerns the data of total lipid oxidation measured by indirect calorimetry. These data result from the oxidative metabolism of both circulating plasma FFA as well as of a larger intracellular pool of lipids in slow equilibrium with the plasma lipid concentration efficiently traced by the [ 14 C]palmitate labeled compound (57, 58) . When the metabolic rate of FFA was calculated by factoring out the FFA concentration, patients with chronic uveitis (on cyclosporin and prednisone) showed an impaired FFA metabolism at both insulin doses (Tables II and V) , while LTx-26 (only on cyclosporin) showed a defective insulin-mediated FFA metabolism only during the low-dose insulin infusion. This result suggests that the association of steroids and cyclosporin has a more detrimental effect than cyclosporin alone on lipid metabolism.
Glucose metabolism in LTx-26 show that (a) basal hepatic glucose production is comparable in LTx-26 and in the control group, (b) insulin exerted a normal inhibitory effect on endogenous glucose release both at low and at high insulin levels, and (c) the insulin-mediated stimulation of glucose oxidation and non-oxidative disposal is comparable to that of the control group. The normalization of NOGD can probably be ascribed to steroid dose reduction. In CU, we found that endogenous glucose production is slightly higher in the basal state and during low-dose insulin infusion with respect to CON. At high insulin doses the total glucose disposal is reduced in comparison with LTx-26. This reduction is mainly due to decreased nonoxidative glucose disposal, which causes substantially reduced glycogen synthesis (59) . Taken altogether, our data indicate that steroid treatment is detrimental to FFA and glucose metabolism, while it spares leucine/protein metabolism (14) .
Liver transplant recipients had normal body composition. After transplantation, no patient had ascites or substantial fluid retention which may have limited the reliability of the bioelectrical impedance measurement.
In conclusion, we believe that liver denervation, not chronic immunosuppression, might be the major factor responsible for basal and insulin-stimulated leucine turnover alterations. Increased substrate delivery to the liver might also be consid- Tables II and III. ered. Basal FFA turnover and oxidation rates were reduced 26 mo after liver graft, an effect which may be related to chronic immunosuppressive therapy. The insulin-mediated stimulation of FFA metabolic clearance rate was defective in LTx with respect to CON. Finally, insulin-stimulated glucose metabolism was improved by prednisone dose reduction, and normalized 26 mo after liver transplant.
